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Abstract
Theoretical predictions are given for the light-flavor sea-quark distributions including the
strange quark ones on the basis of the flavor SU(3) version of the chiral quark soliton model.
Careful account is taken here of the SU(3) symmetry breaking eects due to the mass dier-
ence between the strange and nonstrange quarks. This eective mass dierence ms between
the strange and nonstrange quarks is the only one parameter necessary for the flavor SU(3)
generalization of the model. A particular emphasis of study is put on the light-flavor sea-
quark asymmetry as exemplied by the observables d(x)− u(x), d(x)/u(x),u(x)− d(x) as
well as on the particle-antiparticle asymmetry of the strange quark distributions represented
by s(x)− s(x), s(x)/s(x),s(x)−s(x) etc. As for the unpolarized sea-quark distributions,
the predictions of the model seem qualitatively consistent with the available phenomenologi-
cal information provided by the NMC data for d(x)− u(x), the E866 data for d(x)/u(x), the
CCFR data and Barone et al.’s t for s(x)/s(x) etc. The model is shown to give several unique
predictions also for the spin-dependent sea-quark distribution, such that s(x)  s(x) . 0
and  d(x) < 0 < u(x), although the verication of these predictions must await more




A frustrating aspect of the theory of deep-inelastic-scattering (DIS) processes is that the per-
turbative QCD can predict only the Q2-dependence of parton distribution functions (PDF),
whereas it can say nothing about the PDF at a prescribed energy scale. To predict PDF
themselves, we need to solve nonperturbative QCD, which is an extremely dicult theoretical
problem. It cannot be denied that, at least at the present stage, we cannot be too much ambi-
tious. Still, we can do qualitatively interesting investigations. The key observation here is the
following. In their semi-phenomenological analyses of PDF, Glu¨ck, Reya and Vogt prepared
the initial PDF at fairly low energy scale around 600 MeV, in contrast to the standard consent
of perturbative QCD, and concluded that light-flavor sea-quark (or antiquark) components
are absolutely necessary even at this relatively low energy scale [1],[2]. Furthermore, even the
flavor asymmetry of the sea-quark distributions have been established by the celebrated NMC
measurement [3]. The origin of this sea-quark asymmetry seems denitely nonperturbative,
and cannot be explained by the sea-quarks radiatively generated through the perturbative
QCD evolution processes. Here we certainly need some low energy (nonperturbative) mecha-
nism which generates sea-quark distributions in the nucleon. In our opinion, the chiral quark
soliton model (CQSM) is the simplest and most powerful eective model of QCD, which fullls
the above physical requirement [4]-[6]. Although it may still be a toy model in the sense that
the gluon degrees of freedom are only implicitly handled, it has several nice features that are
not shared by other eective models like the MIT bag model. Among others, most important
in the above-explained context is its eld theoretical nature, i.e. the proper account of the
polarization of Dirac sea quarks, which enables us to make reasonable estimation not only
of quark distributions but also of antiquark distributions [7]-[10]. It has already been shown
that, without introducing any adjustable parameter, except for the initial-energy scale of the
Q2-evolution, the CQSM can describe nearly all the qualitatively noticeable features of the
recent high-energy deep-inelastic scattering observables. It naturally explains the NMC ob-
servation, i.e. the excess of d-sea over the u-sea in the proton [11],[9],[12]. It also reproduces
the characteristic features of the observed longitudinally polarized structure functions of the
proton, the neutron and the deuteron [10],[13]. Even the most puzzling observation, i.e. the
unexpectedly small quark spin fraction of the nucleon, can be explained at least qualitatively
with no need of a large gluon polarization at the low renormalization scale [5],[14]. Finally,
the model predicts a sizably large isospin asymmetry also for the spin-dependent sea-quark
distributions, which we expect will be conrmed by near future experiments [7], [10],[13],[15].
The above-mentioned unique feature of the CQSM is believed to play an important role
also in the study of hidden strange quark excitations in the nucleon, which entirely have non-
valence character [16]. The main purpose of the present study is to give theoretical predictions
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for both of the unpolarized and the longitudinally polarized strange quark distributions in
the nucleon, on the basis of the CQSM generalized to the case of flavor SU(3). Naturally,
because of fairly large mass dierence between the strange and nonstrange quarks, the flavor
SU(3) symmetry is not so perfect symmetry as the flavor SU(2) one is. We must take account
of this symmetry breaking eects in some way or other. Here, we shall accomplish it using
a perturbation theory to be explained in the body of the paper. It should be emphasized
that, in our eective theory at quark level, this eective mass dierence ms between the
s-quark and the u; d-quarks is the only one additional parameter necessary for the flavor SU(3)
generalization of the CQSM. Through the study outlined above, we will be able to answer
several interesting questions as follows. How important in nature is the admixture or the
virtual excitation of s-s pairs in the nucleon, a system of total strange-quantum-number being
zero? Does the asymmetry of the s-quark and s-quark distributions exist at all? If it exists,
how large is it? Do we expect an appreciable particle-antiparticle asymmetry also for the spin-
dependent strange quark distribution? We also want to verify whether a favorable prediction
of the flavor SU(2) CQSM, i.e. the excess of the d-sea over the u-sea in the proton, is taken
over by the SU(3) model or not. What answer do we obtain for the isospin asymmetry of the
spin dependent sea-quark distributions u(x)− d(x) in the flavor SU(3) CQSM?
The plan of the paper is as follows. In the next-section, we shall explain how to evaluate the
quark and antiquark distribution functions on the basis of the path integral formulation of the
flavor SU(3) CQSM. After explaining the general theoretical structure of the model, the O(Ω0)
contribution to the PDF (Ω is the collective rotational velocity of the hedgehog soliton), the
O(Ω1) contribution and the rst order correction in ms will be discussed in three separate
subsections. Next, in sect.3, we compare the theoretical predictions of the model with available
phenomenological information. We shall also give some discussions on the physical origin of
the unique predictions of the model as to the light-flavor sea-quark asymmetry. Finally, in
sect.4, some concluding remarks will be given.
2 Formulation of the model







i x MN z0 hN(P = 0) j y(0)Oa  (z) jN(P = 0)i jz3=−z0; z⊥=0 : (1)
Here Oa is to be taken as
Oa = a (1 + γ
0γ3); (2)
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with a = 0; 3, and 8 for unpolarized distribution functions (note here we take that 0 = 1),
while
Oa = a (1 + γ
0γ3) γ5; (3)
for longitudinally polarized ones. We recall that the above denition of the quark distribution
function can formally be extended to the negative x region. The function q(x) with negative
argument should actually be interpreted as giving an antiquark distribution with physical value
of x (> 0) according to the rule :
q(−x) = − q(x) (0 < x < 1); (4)
for the unpolarized distributions, and
q(−x) = + q(x) (0 < x < 1); (5)
for the longitudinally polarized distributions. Here, the sign dierence between the two types of
distributions arises from the dierent ways of their transformations under charge conjugation.
As was explained in the previous paper, the startingpoint of our theoretical analysis is
the following path integral representation of a matrix element of a bilocal and bilinear quark
operator between the nucleon state with denite momentum :
hN(P ) j y(0)Oa  (z) jN(P )i = 1
Z
Z





D D y JN(T
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;y) exp [ i
Z
d4x L(x) ] ; (6)
where
L =  ( i 6@ − MUγ5(x)−msPs ) ; (7)
with Uγ5(x) = exp[iγ5aa(x)=f] being the basic lagrangian of the CQSM with three flavors
[18],[19]. Here, the mass dierence ms between the strange quark and nonstrange quarks is
















1Nc Γff1fNcgY TT3;JJ3  1f1(x)    NcfNc (x) ; (9)
is a composite operator carrying the quantum numbers Y TT3; JJ3 (hypercharge, isospin and
spin) of the baryon, where i the color index, while Γ
ff1fNcg
Y TT3;JJ3
is a symmetric matrix in spin
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flavor indices fi. A basic dynamical assumption of the SU(3) CQSM (which one may notice is
similar to that of the SU(3) Skyrme model [20]) is the embedding of the SU(2) self-consistent
mean-eld solution of hedgehog shape into the SU(3) matrix as
Uγ50 (x) =
 




That this would give the lowest energy classical conguration can be deduced from a simple
variational argument. In fact, an arbitrary small variation of the (3; 3) component of Uγ50 (x)
would induce a change of the strange-quark single-particle spectra in such a way that weak
bound states appear from the positive energy Dirac continuum as well as from the negative
energy one in a charge-conjugation symmetric way. Since only the negative energy continuum
is originally occupied, this necessarily increases the total energy of the baryon-number-one
system. Because of energy-degeneracy of all the congurations attainable from the above
conguration under the spatial rotation or the rotation in the flavor SU(3) internal space, a
spontaneous zero-energy rotational mode necessarily arises. We also notice the existence of
another important zero mode corresponding to the translational motion of the soliton center.
As in the previous paper [7]-[10], the translational zero-mode is treated by using an approximate
momentum projection procedure (of the nucleon state), which amounts to integrating over all
the shift R of the soliton center-of-mass coordinates :
hN(P ) j y(0)Oa  (z) jN(P )i −!
Z
d3R hN(P ) j y(0;−R)Oa  (z0; z−R) jN(P )i : (11)
On the other hand, the rotational zero modes can be treated by introducing a rotating meson
eld of the form
Uγ5(x; t) = A(t) Uγ50 (x) A
y(t) ; (12)
where A(t) is a time-dependent SU(3) matrix in flavor space. A key identity in the following
manipulation is as follows,
 ( i 6@ − MUγ5(x)−msPs ) =  yA(i@t −H −H − Ω) A (13)
where





+ M  Uγ50 (x) ; (15)









Ω = − i Ay(t) _A(t): (17)
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Here H is a static Dirac Hamiltonian with the background pion eld Uγ50 (x), playing the role
of mean-eld potential for quarks, whereas H is the SU(3) symmetry breaking correction to
H . The quantity Ω is the SU(3)-valued angular velocity matrix later to be quantized in an
appropriate way. At this stage, it is convenient to introduce a change of quark eld variable
 !  A, which amounts to getting on a body-xed rotating frame of a soliton. Denoting  A
anew  for notational simplicity, the nucleon matrix element (8) can then be written as
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Performing the path integral over the quark elds, we obtain



















i@t −H −H − Ω j 0;−Riγ (A
y(0)OaA(z0))γ
 hz0; z −R j i




− Tr ( hz0; z −R j i






















 exp [Nc Sp log ( i@t −H −HΩ) ] ; (19)
with ~Γffg = Γffg[A(T=2)]Nc etc. Here Tr is to be taken over spin-flavor indices. Now the
strategy of the following manipulation is in order. As in all the previous works, we assume
that the collective rotational velocity of the soliton is much slower than the velocity of internal
quark motion, which provides us with a theoretical support to a perturbative treatment in Ω.
Since Ω is known to be an O(1=Nc) quantity, this perturbative expansion in Ω can also be
taken as a 1=Nc expansion. We shall retain terms up to the rst order in Ω. We also use the
perturbative expansion in ms, which is believed to be a small parameter as compared with
the typical energy scale of low energy QCD ( 1GeV).
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Applying this expansion to (19), we obtain
hN(P )j y(0)Oa (z)jN(P )i = hN(P )j y(0)Oa (z)jN(P )iΩ
0
+ hN(P )j y(0)Oa (z)jN(P )iΩ
1
+ hN(P )j y(0)Oa (z)jN(P )ims +    : (20)
To be more explicit, they are given by





















i@t −H j 0;−Riγ  hz0; z −R j
i
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2




Ω2a dt ] ; (21)
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0i  hz00; z0 j
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i@t −H j 0;−Riγ  hz0; z −R j
i
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i@t −H j z
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hz00; z0 j
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2
;yig1  hz0; z −R j
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i@t −H j z
0
0; z
0i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hz00; z0 j
i
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i
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2




Ω2a dt ] ; (22)
and
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0i  hz00; z0 j
i
i@t −H j 0;−Riγ  hz0; z −R j
i
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2
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hz00; z0 j
i









i@t −H j −
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2




Ω2a dt ] : (23)
We shall treat these three contributions to the PDF in separate subsections below.
2.1 O(Ω0) contributions to PDF
Although we do not need any essential change for the derivation of the O(Ω0) contribution, we
recall here some main ingredients, since it is useful for understanding the following manipula-
tion. We rst introduce the eigenstates jmi and the associated eigenenergies Em of the static
Dirac Hamiltonian H , satisfying
Hjmi = Emjmi: (24)
The spectral representation of the single quark Green function is then given as
hx; t j i
i@t −H jx











hx jmihm jx0i : (25)
Using this equation together with the identity
hz −R j = h−R j e ipz ; (26)
with p being the momentum operator, we can perform the integration over R in (19). The
resultant expression is then put into (18) to carry out the integration over z0. This leads to











Here O(0)[A] is an O(Ω










hnj ~Oa(xMN − En − p3) jni: (28)
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Note that it is still a functional of the collective coordinates A that specify the orientation of
the hedgehog soliton in the collective coordinate space. The physical baryons are identied as




[A], which belongs to a SU(3) representation of dimension n with relevant spin-
flavor quantum numbers. Using the standard Wigner rotation matrix (or D-function) of SU(3)







with  = (Y TT3) and  = (Y
0 = 1; JJ3). In the present study, we are interested in the quark
distribution functions in the nucleon, so that we can set Y = 1 and T = J = 1=2.
The general formula can now be used to derive some more explicit form of the O(Ω0) con-
tribution to the quark distribution functions. We rst consider the unpolarized distributions.
For the flavor singlet case, we take
~Oa=0 = A
y0A (1 + γ0γ3) = 1 + γ0γ3; (30)










hnj(1 + γ0γ3)njni; (31)
with the abbreviation n = (xMN − En − p3). This then gives











hnj(1 + γ0γ3)njni: (33)
Here and hereafter, hOiB should be understood as an abbreviated notation of the matrix
element of a collective operator O between a baryon state B (mostly, the spin-up proton state)










In the flavor nonsinglet case (a = 3 or 8),
~Oa = A
yaA (1 + γ0γ3) = Dabb (1 + γ0γ3); (35)
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we have





























hnj(1 + γ0γ3)njni: (36)
Here, we have used the generalized hedgehog symmetry of the classical conguration (10).
This then gives, for a = 3 or 8,
q(a)(x; Ω0) = hDa8p
3
ip  f(x): (37)
Turning to the longitudinally polarized distribution, we take
~Oa = A
y0A (1 + γ0γ3)γ5 = γ5 + 3; (38)
for the flavor-singlet case, so that we nd
q(0)(x; Ω0) = 0: (39)
On the other hand, for the flavor non-singlet case we obtain
~Oa = A




















hnj3(γ5 + 3)njni: (41)
We therefore have, for a = 3 or 8,
q(a)(x; Ω0) = h−Da3ip"  g(x); (42)
with








hnj3(γ5 + 3)njni: (43)
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2.2 O(Ω1) contribution to PDF
There is some controversy in the treatment of the O(Ω1) term in the CQSM. The dispute be-
gan after our nding of the novel 1=Nc correction (or more explicitly the rst order rotational
correction in the collective angular velocity Ω) to some isovector observables like the isovector
part of the nucleon axial-vector coupling constant g
(3)
A or the isovector magnetic moment I=1
[21]. We showed that this new 1=Nc correction, which is entirely missing in the theoretical
framework of the intimately-connected eective meson theory, i.e. the Skyrme model, plays
just a desirable role in solving the long-standing gA problem inherent in the soliton model based
on the hedgehog conguration [21],[22]. According to Schechter and Weigel [23], however, this
O(Ω1) contribution originates from the ordering ambiguity of the collective operators and it
breaks the G-parity symmetry of strong interactions. We agree that the operator ordering am-
biguity is unavoidable when going from a classical theory to a quantum theory. Dierent choice
of ordering would in general dene dierent quantum theory. It was shown, however, that the
existence of this new O(Ω1) contribution is a natural consequence of a physically reasonable
choice of operator ordering that keeps the time-order of the relevant operators and that this
O(Ω1) contribution to g
(3)
A is nothing incompatible with any symmetry of strong interactions
including the G-parity symmetry [24]-[26]. We also recall the fact that this time-order-keeping
quantization procedure is nothing extraordinary in that it gives the same answer as the so-
called cranking approach familiar in the nuclear many-body theory [25]. (Alkofer and Weigel
also claimed that the new O(Ω1) term breaks the celebrated PCAC relation [27]. Here we do
not argue this problem further, since our attitude is that this problem does not exist either
within the framework of the SU(2) CQSM as discussed in Ref. [25].) Summarizing our under-
standing about this problem up to this point, the ordering ambiguity of the collective operator
in principle exists, but a physically reasonable time-order-keeping quantization procedure leads
to the desired O(Ω1) contribution to g
(3)
A , while causing no problem at least in the flavor SU(2)
version of the CQSM. However, Prasza lowicz et al. noticed an unpleasant feature of the time-
order-keeping quantization procedure in the flavor SU(3) version of the CQSM [28]. That is,
it leads to nondiagonal elements in the moment of inertia tensor of the soliton, which may
destroy the basic theoretical framework of the soliton model. Since there is no such problem
in the SU(2) CQSM, the cause of this trouble seems to be attributed to the incompatibility
of the time-order-keeping quantization procedure with the basic dynamical assumption of the
SU(3) CQSM, i.e. the so-called trivial embedding of the SU(2) soliton conguration followed
by the SU(3) symmetric collective quantization. In the absence of satisfactory resolution to
this problem, they advocated to use phenomenologically favorable procedure, which amounts
to dropping some theoretically contradictory terms by hand. In the present study, we shall
basically follow this procedure. As we shall discuss below, however, the operator ordering
problem is even more complicated in our study of quark distribution functions, since we must
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handle here quark bilinear operators which are nonlocal also in time coordinates.
In our formulation of the O(Ω1) contribution to the distribution function, the ordering













y(0)OaA(z0))γ −! [(z00; 0; z0) + (z00; z0; 0)] Ω ~Oγ
+ [(0; z0; z
0
0) + (z0; 0; z
0
0)] ~OγΩ





0; 0) (Oa)γ′′ A′ Ω A
y
γγ′ ; (45)
because it is a procedure faithful to the time-order of all the relevant collective operators.
In consideration of the existence of operator ordering ambiguity in quantization, we use here




y(0)OaA(z0))γ −! [(z00; 0; z0) + (z00; z0; 0)] Ω ~Oγ
+ [(0; z0; z
0













fΩ ; ~Oγg: (46)
The dierence between the new and the old quantization procedures turns out to be that O
(1)
B′
term in eq.(67) of Ref.[10] is absent in the new procedure. The operator ordering ambiguity
occurs also for the quantity 1
2
fΩ; ~Oagγ in (22), which corresponds to the rst order rotational
correction arising from the nonlocality (in time) of the operator A+(0)OaA(z0). To explain it,






Ja  −Ra =
8><
>:
I1Ωa − 2p3msK1D8a (a = 1; 2; 3);
I2Ωa − 2p3msK2D8a (a = 4; 5; 6; 7);p
3=2 (a = 8):
(48)
Here Ra is the right rotation generator also familiar in the SU(3) Skyrme model. Note that
only a = 1; 2; 3 component of Ja = −Ra can be interpreted as the standard angular momentum
operators. In the above equations, I1; I2 and K1; K2 are the components of the moment-of-















Em − En ; (50)
which reduce to the form
Iab = diag (I1; I1; I1; I2; I2; I2; I2; 0) ; (51)
Kab = diag (K1; K1; K1; K2; K2; K2; K2; 0) ; (52)
because of the hedgehog symmetry. Setting ms = 0, for the moment, to keep the discussion
















where the summation over the repeated indices is understood with i running from 1 to 3,
and with K from 4 to 7. To keep compliance with the new operator ordering procedure (46)






fDab; Jcg ; (55)















fDab; Jig fb; ig+ 1
2I2
fDab; JKg fb; Kg : (57)
Now collecting all the terms, which is rst order in Ω, we arrive at the following expression
for the O(Ω1) eective operator to be sandwiched between the rotational wave functions as in










































































































hnj fb; Kg Onjni: (62)





in a combined way, i.e. in such a way that it is given as a sum of two parts, respectively
containing symmetric and antisymmetric pieces with respect to the collective space operators














[A:B], we will treat the two cases separately.















 hnj Onjmihmjijni+ hnjijmihmj Onjni ; (64)
O
(1)
[A;B] = 0 : (65)
































































 hnjb OnjmihmjK jni − hnjK jmihmjb Onjni ; (67)
We point out that these expressions also are not completely free from operator-ordering ambi-
guities. If we symmetrize the order of two operators Ω and ~Oγ in the rst and the second
term of eq.(67), the antisymmetric term O
(1)
[A;B] does not appear from the rst. A favorable
aspect of this symmetrization procedure is that it does not cause an internal inconsistency
of the SU(3) CQSM, which was rst pointed out by Prasza lowicz et al. [28] Unfortunately,
however, it also eliminates the phenomenologically-welcome rst-order rotational correction
to g
(3)
A , the sprout of which is contained in the rst term of (67). As repeatedly emphasized,
the presence of this novel 1=Nc correction itself is nothing incompatible with any symmetry of
strong interaction. Although it is not a completely satisfactory procedure, we therefore retain
only the rst term of (67) and abandon the second one, which precisely corresponds to the
symmetry-preserving approach advocated by Prasza lowicz et al.
Now we consider the concrete case again. For the flavor singlet unpolarized distribution,
we nd there exists no O(Ω1) contribution, i.e.
q(0)(x;Ω1) = 0: (68)







































































Em −En hnj4jmihmj4(1 + γ
0γ3)njni: (70)
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In deriving the last equality, we have made use of the generalized hedgehog symmetry of the
static soliton conguration. The explicit summation symbol for the repeated indices have been









































Em −En hnj4jmihmj4(1 + γ
0γ3)njni: (71)







hnjjjmihmjj(1 + γ0γ3)njni =
X
M(n)
hnj(1 + γ0γ3)njni; (72)
and X
m=all;M(n)




hnj(1 + γ0γ3)njni: (73)
Here and hereafter,
P
M(n) stands for the summation over the third component of the grand












































hnj(1 + γ0γ3)njni; (74)





terms, the O(Ω1) contribution to the flavor nonsinglet (a = 3 or 8) unpolarized distribution
function can be expressed as
q(a)(x; Ω1) = h
3X
i=1




















































Here we have used the notation n  (xMN − En − p3) and 0n  0(xMN − En − p3).
Turning to the longitudinally polarized distributions, the O(Ω1) contribution to the flavor



































hnj3jmihmj(γ5 + 3)njni: (80)
Combining the two terms, we have





















The O(Ω1) contribution to the flavor non-singlet polarized distribution is a little more com-
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Em −En [hnjb(γ5 + 3)njmihmjK jni























Em − En hnj3jmihmj(γ5 + 3)njni
−4d3KK 1
2









Em − En hnj4jmihmj4(γ5 + 3)njni: (85)
Next, the O
(1)






























hnjfc; Kg(γ5 + 3)njni: (86)
where i runs from 1 to 3, while K runs from 4 to 7. To rewrite this term, we use two identitiesX
M(n)















hnj4jmihmj4(γ5 + 3)njni; (88)
















































fDa8; J3g  e(x)
+ 4 d3KK  1
2
fDaK ; JKg  s(x); (90)
where e(x) is dened in (82), while s(x) is dened by

















The remaining antisymmetric term, which is already familiar in the SU(2) CQSM, is given by
O
(1)
[A;B] = −Da3  h(x); (92)
with










 [hnjj(γ5 + 3)njmihmjijni − hnjijmihmjj(γ5 + 3)njni]: (93)
The O(Ω1) contribution to the flavor-nonsinglet polarized distribution then becomes













fDa8; J3gip"  e(x) : (94)
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At this stage, it would be convenient to summarize the complete forms of the unpolarized
and longitudinally polarized distribution functions up to the 1st order in Ω. First, for the
unpolarized distribution, the flavor singlet distribution is given by
q(0)(x) = h1ip  f(x); (95)











fDaK ; RKgip  k2(x): (96)






































we nally arrive at























These three distribution functions are enough to give the flavor decomposition of the unpolar-






























The 1st-moment sum rules for the unpolarized distribution functions are connected with
the quark-number conservation laws. The verication of them is therefore an important check
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of the internal consistency of a theoretical formalism. We rst point out that the three basic
distribution functions of the model, i.e. f(x); k1(x); k2(x), satisfy the sum rulesZ 1
−1
f(x) dx = 3; (106)Z 1
−1
k1(x) dx = 1; (107)Z 1
−1
k2(x) dx = 1: (108)
Using (101)  (105) together with these sum rules, it is an easy task to show that
Z 1
−1
q(0)(x) dx = 3; (109)Z 1
−1
q(3)(x) dx = 1; (110)Z 1
−1
















[s(x)− s(x)] dx = 0; (114)
which are just the desired quark-number conservation laws.















s(x) = 0; (117)
where
q(0)(x) = f(x); (118)
q(3)(x) = k1(x): (119)
with f(x) and k1(x) being the same functions as appear in the SU(3) CQSM.
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Next, the O(Ω0 + Ω1) contributions to the longitudinally polarized distribution functions
can be summarized as
q(0)(x) = h2J3ip"  e(x); (120)
for the flavor-singlet distributions, and













fDa8; J3gi  e(x); (121)
for the nonsinglet distributions. Using the matrix elements of the relevant collective space






















































In terms of these 3 functions, the longitudinally polarized distribution functions with each






























For comparison, we also show the corresponding theoretical formulas obtained within the















s(x) = 0; (131)
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where




(g(x) + h(x)): (133)
We recall here that, as a consequence of the new operator ordering procedure adopted in the
present paper, one noteworthy dierence with the previous treatment arises, concerning the
O(Ω1) contribution to the isovector distribution q(3)(x). Namely, the [u(x) − d(x)](1)B′+C
term in eq.(114) of Ref.[10] is totally absent in the new formulation here. We shall numerically
check that the eect of this change on the nal predictions for the longitudinally polarized
distributions is very small.
Similarly as in the case of the unpolarized distributions, we can write down the 1st-moment
sum rules also longitudinally polarized distributions. No exact conservation law follows from
these sum rules, however. As a matter of course, this does not mean there is no useful sum
rule for the spin-dependent distributions. For example, the celebrated Bjorken sum rule [29]
for the isovector part of the longitudinally polarized distribution functions has an important
phenomenological signicance, although it is not a sort of relation which gives an exact con-
servation laws for some quantum numbers.
2.3 ms corrections to PDF
Our strategy for estimating the SU(3) symmetry breaking eects is to use the rst order per-
turbation theory in ms, i.e. the mass dierence between the s- and u; d-quarks. There are
several such corrections that are all rst order in ms. The rst comes from (23) contain-
ing the SU(3) symmetry breaking part of the eective Dirac hamiltonian H. Following
Ref. [30], this SU(3) symmetry breaking correction is hereafter referred to as the \dynamical
ms correction". The second correction originates from the term (22), which is rst order in
Ω, if it is combined with the quantization rule (48) of the SU(3) collective rotation. In fact,

































brings about terms proportional to the mass dierence ms. This SU(3) symmetry breaking
correction, which comes from the ms correction to the SU(3) quantization rule, will be
called the \kinematical ms correction". The third correction is brought about by the mixing
of the SU(3) irreducible representations, describing the baryon states as collective rotational
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states. Since this mixing occurs also at the rst order in ms, we must take account of it.
This last SU(3) symmetry breaking correction will be called the \representation-mixing ms
correction". In the following, we shall treat these three corrections in order. The answer will







(ms)[A] ΨY TT3;JJ3[A]dA; (135)








First to evaluate O
(ms)





−! [(z00; 0; z0) + (z00; z0; 0)] H ~Oγ
+ [(0; z0; z
0













fH ; ~Oγg; (137)
is used in conformity with the rule (46). After carrying out the integration over the variables
R; z0; z00 and over z0, we are led to the following answer for the dynamical ms correction :












hnjHjmihmj ~Onjni+ hnj ~OnjmihmjHjni
i
; (138)




















In deriving the above equation, we have used the fact that the collective operators contained
in H and ~O commute each other.














































Using the generalized hedgehog symmetry, we therefore arrive at
q(0)(x : mdyns ) = −
4
3














Em − En hnjγ
0jmihmj(1 + γ0γ3)njni: (142)





















0jmihmjDabb(1 + γ0γ3)njni (143)






















3DabD8chnjb(1 + γ0γ3)njmihmjcγ0jnig: (144)
It is easy to show that the contribution of the rst term of (144), (i.e. the term proportional
to Dab), to q





ip"  ~k0(x) (145)
with ~k0(x) given by (142). The manipulation of the remaining two terms is a little more
complicated. First, we notice that, since D8c and Dab commute, we can write as
D8cDab hnjcγ0jmihmjb(1 + γ0γ3)njni




fDab; D8cg [hnjb(1 + γ0γ3)njmihmjcγ0jni
+hnjcγ0jmihmjb(1 + γ0γ3)njni] : (146)
We now consider the two parts separately. For the parts where the indices b and c run from 1
to 3, the diagonal matrix element of DabD8c between the spin-up proton state can be expressed








hDa;1−i2D8;1+i2 ip" b;1+i2 c;1−i2: (147)
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Noting the equalities
hDa;1+i2D8;1−i2ip" = hDa;1−i2D8;1+i2ip" = 2 hDa3D83ip"; (148)
we can prove that
hDabD8cib;c=1;2;3 partp" = hDa3D83ip" (b;1c;1 + b;2c;2 + b;3c;3): (149)







fDaiD8igip" (b;1c;1 + b;2c;2 + b;3c;3): (150)


































Em − En hnjjγ
0jmihmjj(1 + γ0γ3)njni: (151)














hnj7γ0jmihmj7(1 + γ0γ3)njni (152)





























Em − En hnj4γ
0jmihmj4(1 + γ0γ3)njni; (153)
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Now combining the above three contributions, the dynamical ms corrections to the flavor
nonsinglet unpolarized distributions can be written in the form :



















fDaK ; D8Kgip"  ~k2(x); (154)















Em − En hnjjγ












Em − En hnj4γ
0jmihmj4(1 + γ0γ3)njni: (156)
Next, we consider the longitudinally polarized distributions. The flavor singlet part is easily
obtained in the form :
q(0)(x; mdyns ) = −
4msI1p
3
 hD83ip"  ~e(x); (157)
with










0jmihmj(γ5 + 3)njni: (158)
















































3DabD8chnjb(γ5 + 3)njmihmjcγ0jnig: (159)
Similarly as before, the contribution of the rst term (proportional to Dab) to q
(0)(x; mdyns )
is found to be
4msI1
3
hDa3ip"  ~e(x); (160)

















hnjb(γ5 + 3)njmihmjcγ0jni+ hnjcγ0jmihmjb(γ5 + 3)njni : (161)
First by conning to the terms in which either or both of b and c run from 1 to 3, there are
only two possibilities to survive, i.e. b = 8; c = 3 or b = 3; c = 8. The contributions of these




























Em − En hnj3γ
0jmihmj(γ5 + 3)njni:(162)















hnj7γ0jmihmj7(γ5 + 3)njni; (163)
together with the familiar relation :





















0jmihmj4(γ5 + 3)njni: (165)
Now, by collecting the various terms explained above, the dynamical ms correction to the
flavor nonsinglet longitudinally polarized distribution functions can be expressed as












d3KKDaKD8Kip"  ~s(x); (166)
where ~e(x) is dened in (158), while ~f(x) and ~s(x) are given by









Em − En hnjγ
0jmihmj3(γ5 + 3)njni;









Em − En hnj4γ
0jmihmj4(γ5 + 3)njni; (167)
Next we turn to the kinematical ms correction, which originates from the rst order
correction with respect to ms in the collective quantization rule (48). Putting this rule into
the operator Ω contained in (22), we are led to a simple rule for obtaining the kinematical























Taking care of the fact that the collective operator contained in ~O commute with D8i as well
as D8K , we therefore obtain
O
(ms)



































for the flavor singlet distributions in which ~Oa = A












































































fb O; Kgjni: (171)
Here, the last two terms of the above equation are rewritten by using the relations,X
M(n)































































































































Let us rst consider the unpolarized case. From the general formula (170), it is easy to see
that the kinematical ms correction to the flavor singlet unpolarized distribution identically
vanishes, i.e.
q(0)(x; mkins ) = 0: (175)
On the other hand, by using the identities
X
M(n)










hnj4jmihmj4(1 + γ0γ3)njni; (176)
the kinematical ms correction to the flavor nonsinglet unpolarized distribution can be ex-
pressed in the form :
















fDaK ; D8Kgip  k2(x): (177)
Here k1(x) and k2(x) are the same functions as appeared in (75).
The kinematical ms correction to the flavor singlet longitudinally polarized distribution
can similarly be evaluated as





































hD83ip"  e(x); (178)
with e(x) dened before in (82). For the flavor nonsinglet piece, we obtain






































































To rewrite the last two terms, we use the identitiesX
M(n)







hnj4jmihmj4(γ5 + 3)njni: (180)
This enables us to express q(a)(x; mkins ) in the form :














d3KKDaKD8Kip"  s(x); (181)
with e(x) and s(x) being the functions respectively dened in (82) and (91).
It is now convenient to express the dynamical and kinematical ms corrections in a com-
bined form. For the unpolarized distributions, this gives
q(0)(x; mdyn+kins ) = −
4msI1
3
h1−D88ip  ~k0(x); (182)

































while, for the longitudinally polarized distributions, we have







































































fD8K ; D8Kgip = 6
5
; (188)
while, for the longitudinally polarized case,
hD33ip" = − 7
30





hD33 (1−D88)ip" = − 13
90





hD38D83ip" = − 1
45











d3KKD8KD8Ki = − 2
15
: (192)
Because the 1st-moment sum rules for the unpolarized distributions are connected with
the quark-number conservation laws and since they are shown to be satised at the leading
O(Ω0 + Ω1) contributions to the distribution functions, one must check whether the above
SU(3) symmetry breaking corrections do not destroy these fundamental conservation laws. To
verify them, we rst notice the relations,Z 1
−1











with I1; I2 and K1; K2 being the basic moments of inertia of the soliton dened in (50)  (52).





















It is now evident from these relations thatZ 1
−1
q(0)(x : mdyn+kins ) dx = 0; (198)Z 1
−1
q(3)(x : mdyn+kins ) dx = 0; (199)Z 1
−1
q(8)(x : mdyn+kins ) dx = 0; (200)
which ensures that there is no contributions from the dynamical plus kinematical ms correc-
tions to the quark-number sum rules.
Since the mass dierence between the s- and u; d-quarks breaks SU(3) symmetry, a baryon
state is no longer a member of the pure SU(3) representation but it is generally a mixture of
several SU(3) representations. Up to the rst order in ms, it can be shown that the proton
state is a linear combination of three SU(3) representation as
jp "i = j8; p "i + cN10 j10; p "i + cN27 j27; p "i: (201)













































The representation mixing correction to any nucleon observables can therefore be evaluated
based on the formula
hp " jO^jp "i = h8; p " jO^j8; p "i
+ 2cN10 h10; p " jO^j8; p "i
+ 2cN27 h27; p " jO^j8; p "i + O((ms)2):
34
Here, as for the eective operator O^, we take the basic O(Ω0 + Ω1) operators, which can be
read from (95) and (96) for the unpolarized distributions, while from (120) and (121) for the
longitudinally polarized ones. From (95), it is easy to verify that there is no representation
mixing correction to flavor singlet unpolarized distribution
q(0)(x : mreps ) = 0: (207)
On the other hand, the representation mixing correction to the flavor non-singlet distribution
is given by
q(a)(x : mreps ) = 2c
N
10 fh10; p " j
Da8p
3
j8; p "i  f(x)
+ h10; p " j
3X
i=1
fD8i; Rigj8; p "i  k1(x)
+ h10; p " j
7X
K=4
fDaK ; RKgj8; p "i  k2(x)g
+ 2cN27 fh27; p " j
Da8p
3
j8; p "i  f(x)
+ h27; p " j
3X
i=1
fDai; Rigj8; p "i  k1(x)
+ h27; p " j
7X
K=4
fDaK ; RKgj8; p "i  k2(x)g: (208)
Given below are the matrix elements of the relevant collective operators :
h10; p j D38p
3




; h10; p j D88p
3












; h10; p j
3X
i=1








fD3K ; RKg j 8; pi = 0; h10; p j
7X
K=4
fD8K ; RKg j 8; pi = 0; (211)
and
h27; p j D38p
3




; h27; p j D88p
3












; h27; p j
3X
i=1












; h27; p j
7X
K=4






Using these, we nally arrive at
q(0)(x : mreps ) = 0; (215)
and











cN27 (f(x) + k1(x)− 4k2(x)) ;









cN27 (f(x) + k1(x)− 4k2(x)) : (216)
Remembering the sum rules for f(x); k1(x), and k2(x) given in (107), (108) and (108), we can
show that Z 1
−1
q(0)(x : mreps ) dx = 0; (217)Z 1
−1
q(3)(x : mreps ) dx = 0; (218)Z 1
−1
q(8)(x : mreps ) dx = 0; (219)
which ensures that the quark-number sum rules are intact by the introduction of the repre-
sentation mixing ms corrections.
Next, we consider the representation mixing correction to the longitudinally polarized dis-
tributions. The representation mixing correction to the flavor singlet distribution is again zero,
i.e.
q(0)(x : mreps ) = 0; (220)
while, for the flavor-nonsinglet distribution, we have
q(a)(x : mreps ) = 2 c
N
10 fh10; p " jDa3j8; p "i  (−g(x)− h(x))






fDaK ; JKgj8; p "i  s(x)
+ h10; p " j 1
2
fDa8; J3gj8; p "i  2p
3
e(x)g
+ 2 cN27 fh27; p " jDa3j8; p "i  (−g(x)− h(x))






fDaK ; JKgj8; p "i  s(x)
+ h27; p " j 1
2




Here we need the following matrix elements :





h10; p " j 4
7X
K=4















h10; p " j 4
7X
K=4
















h27; p " j 4
7X
K=4















h27; p " j 4
7X
K=4










Using these relations, we nally obtain
q(0)(x : mreps ) = 0; (234)









cN27 (g(x) + h(x)− 8s(x) + 3e(x)); (235)









cN27 (g(x) + h(x)− 8s(x) + 3e(x)): (236)
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3 Numerical Results and Discussions
The basic lagrangian of the model contains three physical parameters, the weak pion decay
constant f, the dynamically generated eective quark mass M , and the mass dierence ms
between the strange and nonstrange quarks. As usual, f is xed to be its physical value, i.e.
f = 93 MeV. On the other hand, M is taken to be 375 MeV, which is the same value as used
in our previous analysis of the nucleon spin structure functions within the framework of the
flavor SU(2) CQSM [10]. As a consequence, only one parameter remains in the SU(3) CQSM :
it is ms, i.e. the eective mass dierence between the strange and nonstrange quarks. In the
present analysis, we have tried to vary this parameter within the physically reasonable range,
i.e. 60 MeV < ms < 170 MeV, and found that overall success of the theory is obtained for
the value of ms around 100 MeV. All the following analyses are thus carried out by using
the value ms = 100 MeV.
The model contains ultraviolet divergences so that it must be regularized by introducing
some physical cuto. Following the previous studies, we use the Pauli-Villars regularization
scheme. In this scheme, any nucleon observables including quark distribution functions in the
nucleon are regularized through the subtraction :






Here hOiM denotes the nucleon matrix element of an operator O evaluated with the original
eective action with the mass parameter M , while hOiMPV stands for the corresponding matrix
element obtained from hOiM by replacing the parameter M with the Pauli-Villars cuto mass
MPV . We emphasize that the Pauli-Villars mass MPV is not an adjustable parameter of the
model. Demanding that the regularized action reproduces the correct normalization of pion







For M = 375 MeV, this gives MPV ’ 562 MeV.
Several additional comments are in order for the regularization scheme explained above.
First, in the present investigation, the regularization specied by (237) is introduced into all
the observables, including those related to the imaginary part of the Euclidean action. This
is in contrast to some authors’ claim that the imaginary action should not be regularized [18].
The ground of their assertion is that the imaginary part of the Euclidean action is ultraviolet
nite and that the introduction of regularization would destroy conservation laws of some
fundamental quantities like the baryon number and/or the quark numbers. It would be true
if one uses the energy cuto scheme like the proper-time regularization scheme. If fact, the
proper-time regularization scheme is known to lead a violation of baryon-number conservation
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law at the level of 3 %. This is not the case for the Pauli-Villars regularization scheme,
however. The baryon-number is just intact in this regularization scheme. Generally speaking,
the introduction of regularization would give some eects on the quark distribution functions
even though the fundamental conservation laws are intact. Since what we are handling is not
a renormalizable theory but an eective theory, a dierent choice of regularization scheme
leads to a dierent eective theory. We can say that our eective theory is dened with the
above-explained regularization prescription.
Secondly, as was shown in Ref. [31], the Pauli-Villars scheme with a single subtraction
term is not a completely satisfactory regularization procedure. It fails to remove ultravio-
let divergences of some special quantities like the vacuum quark condensate, which contains
quadratic divergence instead of logarithmic one. For obtaining nite answers also for these spe-
cial observables, the single-subtraction Pauli-Villars scheme is not enough. It was shown that
more sophisticated Pauli-Villars scheme with two subtraction terms meets this requirement
[31]. Fortunately, the self-consistent solution of the CQSM obtained in this double-subtraction
Pauli-Villars scheme is only slightly dierent from that of the naive single-subtraction scheme,
except when dealing with some special quantities containing quadratic divergences [31]. Con-
sidering the fact that the calculation of quark distribution functions in the CQSM is extremely
time-consuming and that the most nucleon observables are rather insensitive to which regular-
ization scheme is chosen, we shall simply use here the single-subtraction Pauli-Villars scheme
except for one special quantity to be just mentioned. It is the quantity  dened in (206), i.e.
the scalar charge of the nucleon. This parameter, appearing in the representation mixing ms
correction to the quark distribution functions, contains a quadratic divergence that can be
regularized only by using the double-subtraction Pauli-Villars scheme. Since the predictions of
the double-subtraction Pauli-Villars scheme for this quantity is not so far from the canonical
value  ’ 7:5, which is obtained from the analysis of the pion-nucleon sigma term [32], we
shall simply use this value in the present study.
To compare the predictions of the CQSM with the existing high energy data, we must
take account of the scale dependencies of the quark distribution functions. This is done by
using the Fortran codes provided by Saga group [33],[34], which enable us to solve the DGLAP
equations at the next-to-leading order. The initial energy of this scale evolution is xed to
be the value Q2 = 0:30 GeV2 throughout the whole investigation. Generally, the theoretical
distribution functions obtained in the CQSM have unphysical tails beyond x = 1, although
they are very small in magnitude. These unphysical tails of the theoretical distributions come
from an approximate nature of our treatment of the soliton center-of-mass motion, which is
essentially nonrelativistic. Since the Fortran programs of Saga group require that the distribu-
tion functions must vanish exactly for x  1, we introduce a x-dependent cuto factor (1−x10)
into all the theoretical distribution functions prepared at the model energy scale before sub-
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stituted into the DGLAP equations. One can however conrm from Fig. 13 of Ref. [10] that
the introduction of this cuto factor hardly modies the original distributions except for their
tail behavior near and beyond x = 1.
























































































Figure 1: Six basic functions necessary for obtaining unpolarized distribution functions within
the SU(3) CQSM with ms corrections. Here, the solid and dashed curves respectively stand
for the contributions of Nc valence quarks and those of Dirac-sea quarks.
Now we are ready to show the results of the numerical calculations. Fig. 1 shows six ba-
sic functions necessary for evaluating unpolarized distribution functions. Here, the rst three
functions k0(x); k1(x) and k2(x) appear in the leading O(Ω
0 + Ω1) contributions, while the re-
maining three functions ~k0(x); ~k2(x) and ~k2(x) are contained in the SU(3) breaking corrections
to the unpolarized distribution functions. In all the gures, the solid and dashed curves repre-
sent the contributions of the Nc valence quarks and those of the Dirac-sea quarks. (We recall
that the terminology \valence quark" above should not be confused with the corresponding
term in the quark-parton model. The valence quarks in the CQSM denote quarks occupying
the particular bound-state orbital, which emerges from the positive-energy Dirac continuum
under the influence of the background pion eld of hedgehog shape. Note however that the va-
40
lence quark distribution in the sense of quark-parton model is easily obtained, as a dierence of
quark and antiquark distributions evaluated in the CQSM. One clearly sees that the eects of
Dirac-sea quarks, or equivalently the vacuum polarization eects, are very important in all the
basic distribution functions shown in Fig. 1. One can also convince that the above-mentioned
unphysical tails of the distribution functions beyond x = 1 are really very small and of little
practical importance.


































Figure 2: The unpolarized distribution functions with respective flavors. The distribution
functions in the negative x region should actually be interpreted as the antiquark distributions
according to the rule q(−x) = − q(x) with 0 < x < 1.
By using these basic functions, we can calculate any unpolarized distribution function
with a specied flavor. Shown in Fig. 2 are the theoretical unpolarized distribution functions
corresponding to three light flavors u; d and s. Remember that a distribution functions in
the negative x region are interpreted as antiquark distributions according to the rule (2), i.e.
q(−x) = − q(x) with 0 < x < 1. The familiar positivity constraint for the unpolarized quark
and antiquark distributions means that q(x) > 0 for 0 < x < 1, while q(x) < 0 for −1 < x < 0.
One clearly sees that our theoretical calculation legitimately satises this general constraint
for the PDF. One can understand that this is not a trivial result, if one remembers the fact
that the previous calculations by Tu¨bingen group carried out in the so-called "valence-quark-
only" approximation violate this general constraint in an intolerable way [35]. This proves our
assertion that the proper account of the vacuum polarization contributions is vital to give any
reliable predictions for the sea-quark distributions.
Next, in Fig. 3, we show six basic functions necessary for evaluating longitudinally polarized
distribution functions. (Here, only the combination of g(x) and h(x) is shown, since it is this
combination that enters the theoretical expression of physical distribution functions.) The rst
three functions g(x) + h(x); e(x) and s(x) appear in the leading O(Ω0 + Ω1) terms, while the
remaining three functions ~f(x); ~e(x) and ~s(x) are contained in the SU(3) symmetry breaking
41
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Figure 3: Six basic functions necessary for evaluating longitudinally polarized distribution
functions within the SU(3) CQSM with ms corrections. The curves have the same meanings
as in Fig. 1.
corrections to the longitudinally polarized distribution functions. One again sees that the
contributions of Dirac-sea quarks have appreciable eects on the total distributions, although
they are less signicant than the case of the unpolarized distribution functions [36]. Among
others, we point out that the function g(x) + h(x) receives appreciably large and positive
vacuum polarization contributions in the negative (as well as the positive) x region. We shall
discuss later that this leads to a sizable large isospin asymmetry for the longitudinally polarized
sea-quark (antiquark) distribution functions.
Using the above basic functions, we can calculate the longitudinally polarized distribution
functions with any flavors. They are shown in Fig. 4. Here, the polarized distributions in the
negative x region should be interpreted as the polarized antiquark ones according to the rule
(3), i.e. q(−x) = q(x) with 0 < x < 1. From these gures, one can, for instance, read from
these three gures that u(x) > 0; d(x) < 0, and s(x) < 0. More detailed discussion of
this interesting predictions of the SU(3) CQSM will be given later.
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Figure 4: The longitudinally polarized distribution functions with respective flavors. The
distribution functions with negative arguments should be interpreted as antiquark distributions
according to the rule q(−x) = q(x) with 0 < x < 1.
Shown in Fig. 5 are the nal predictions of the SU(3) CQSM for the unpolarized s- and
s-quark distributions at the model energy scale. The left panel shows the result obtained in the
chiral limit, i.e. without SU(3) symmetry breaking eects, while the right panel corresponds
to the result obtained after introducing ms corrections. One sees that the s-s asymmetry
of the unpolarized distribution functions certainly exists. The dierence s(x)− s(x) has some
oscillatory behavior with several zeros as a function of x. This is of course due to the following
two general constraints of the PDF : the positivity constraint for the unpolarized distributions
and the strangeness quantum number conservations. Comparing the two gures, one also nds
that s(x) − s(x) is extremely sensitive to the SU(3) symmetry breaking eects. Fig. 6 shows
the theoretical predictions for the longitudinally polarized strange quark distributions. In the
chiral limit case, the s- and s-quarks are both negatively polarized, although the magnitude of
s(x) is smaller than that of s(x). After introducing ms corrections, s(x) remains large
and negative, while s(x) becomes very small although slightly negative.
To sum up, it is a denite conclusion of our theoretical analysis that the particle-antiparticle
asymmetry of the strange-quark excitation in the nucleon is most likely to exist. Furthermore,
the magnitude of the asymmetry seems more profound for the longitudinally polarized distri-
bution than for the unpolarized one reflecting the fact that, for the polarized one, there exists
no conservation laws that prevents the generation of asymmetry. To understand the physical
origin of these observations, it may be interesting to recall a simple argument of Brodsky
and Ma based on the light-cone meson baryon fluctuation model [37]. (See also Ref. [38].)
According to them, the intrinsic strangeness excitation in the proton is mainly due to the
virtual K+ dissociation process. Because of parity conservation, the relative orbital angular





























(b) s(x) and -s(x) with ms = 100 MeV
Figure 5: The theoretical predictions for the unpolarized s- and s-quark distributions at the
model energy scale. The left gure is obtained without ms corrections, while the right one
is with the value of ms = 100 MeV.
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one easily nds that the average spin projection of  in the proton is negative. Because the 
spin mostly comes from the s-quark in it, it then immediately follows that the s-quark in the
proton is negatively polarized. The situation is entirely dierent for the s-quark. Since the
s-quark is contained in K+ meson with zero spin, it follows that the net spin of s in K+ and
consequently in proton is zero. Note that whole these arguments are qualitatively consistent
with the predictions of the CQSM. This indicates that the kaon cloud eects are automatically
taken into account by the collective rotation in the flavor SU(3) space, a basic dynamical
assumption of the SU(3) CQSM.
Now we want to make some preliminary comparisons with the existing high-energy data
for the strange quark distributions. Fig. 7 and Fig. 8 respectively shows the theoretical dis-
tributions evolved to Q2 = 4GeV2 and Q2 = 20GeV2 in comparison with the corresponding
result of CCFR (NLO) analyses of the neutrino-induced charm production carried out with
the assumption s(x) = s(x). In both gures, the solid and long-dashed curves represent the
theoretical s- and s-quark distributions, while the left panel shows the predictions obtained
with ms = 0 and the right panel shows those obtained with ms = 100MeV. As was intu-




























(b) s(x) and -s(x) with ms = 100 MeV
Figure 6: The theoretical predictions for the longitudinally polarized s- and s-quark distri-
butions at the model energy scale. The left gure shows the result obtained without ms
corrections, while the right one corresponds to the result obtained with ms = 100 MeV.
of s(x) and s(x) at the moderate range of x. The nal theoretical predictions obtained with the
ms corrections appears to be qualitatively consistent with the CCFR data, although various
uncertainties of the phenomenological data for s(x) and s(x) should not be forgotten.
Very recently, Barone et al. carried out quite elaborate global analysis of the DIS data,
especially by using all the presently-available neutrino data also, and they obtained some
interesting information even for the asymmetry of the s- and s-quark distributions [40]. Fig. 9
shows the comparison with their t for the dierence s(x)− s(x) at Q2 = 20GeV2. Here, the
thin shaded area represent the phenomenologically favorable region for this dierence function
obtained by Barone et al’s global t. On the other hand, the solid and dashed curves are the
predictions of the SU(3) CQSM, respectively obtained with and without the ms correction.
One sees that, the dierence s(x)−s(x) is extremely sensitive to the SU(3) symmetry breaking
eects and that, after inclusion of it, the theory reproduces the qualitative tendency of the
phenomenologically obtained behavior of s(x)− s(x) although not perfectly.
This tendency is more clearly seen in the ratio of s(x) and s(x) at Q2 = 20GeV2. In Fig. 10,
the solid and dashed curves are the predictions of the SU(3) CQSM with and without the ms
corrections, while the thin and thick shaded areas represent the phenomenologically favorable
regions for this ratio, respectively obtained by the CCFR group and by Barone et al. One
clearly sees that the observed tendency of this ratio is reproduced (at least qualitatively) only
after including the SU(3) symmetry breaking eects.
Now, turning to the spin-dependent distribution functions, the quality of the presently
available semi-inclusive data is rather poor, so that the analyses are mainly limited to the
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CCFR at Q2 = 4 GeV2













CCFR at Q2 = 4 GeV2
Figure 7: The theoretical unpolarized distribution functions s(x) and s(x) at Q2 = 4 GeV2 in
comparison with the corresponding CCFR data obtained under the assumption s(x) = s(x)
[39]. The left panel shows the result obtained without ms corrections, whereas the right
panel represents the one with ms = 100 MeV
2.
inclusive DIS data alone. This forces them to introduce several simplifying assumptions in the
ttings. For instance, many previous analyses have used the apparently groundless assumption
of a flavor-symmetric polarized sea, i.e. u(x) =  d(x) = s(x) [41]. Another analysis
assumed that q3(x) = cq8(x) with c being a constant. Probably, the most ambitious
analyses free from these ad hoc assumptions on the sea-quark distributions are those of Leader,
Sidorov and Stamenov (LSS) [42]. (See also Ref. [43].) We recall that they also investigated the
sensitivity of their t to the size of the SU(3) symmetry breaking eect. (Although they did
not take account of the possibility that s(x) 6= s(x), this simplication is harmless, because
only the combination s(x) + s(x) appears in their analyses of DIS data.) To compare the
theoretical distributions of the SU(3) CQSM with the LSS ts given at Q2 = 1GeV2, we
must consider the fact that their analyses are carried out in the so-called JET scheme (or the
chirally invariant factorization scheme). To take account of this, we start with the theoretical
distribution functions u(x);u(x);d(x); d(x);s(x) and s(x), which are taken as the
initial scale distribution functions given at Q2ini = 0:30GeV
2. Under the assumption that
g(x) = 0 at this initial energy scale, we solve the DGLAP equation in the standard MS
scheme with the gauge-invariant factorization scheme to obtain the distributions at Q2 =
1GeV2. The corresponding distribution functions in the JET scheme are then obtained by the
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CCFR at Q2 = 20 GeV2














CCFR at Q2 = 20 GeV2
Figure 8: The theoretical unpolarized distribution functions s(x) and s(x) at Q2 = 20 GeV2
in comparison with the corresponding CCFR data [39]. The meanings of the curves are the














2)) being the flavor-singlet quark polarization.
Now we show in Fig. 11 the theoretical distributions x(u(x) + u(x)); x(d(x) +  d(x)),
x(s(x) + s(x)) and g(x) at Q2 = 1GeV2 in comparison with the corresponding LSS ts.
The solid and dashed curves in these four gures are respectively the predictions of the SU(3)
CQSM obtained with and without the ms corrections. To estimate the sensitivity of the t to
the SU(3) symmetry breaking eects, Leader et al. performed their t by varying the value of
axial charge a8 from its SU(3) symmetric value 0:58 within the range 0:40  a8  0:86. They
found that the value of 2-t to the presently available DIS data are practically insensitive to
the variation of a8, which in turn means that a8 cannot be determined from the existing DIS
data. Consequently, the distributions x[u(x) + u(x)] and x[d(x) +  d(x)] are insensitive
to the SU(3) symmetry breaking eects and can be determined with little uncertainties. This is
also conrmed by our theoretical analysis. In Fig. 11(a) and Fig. 11(b), the solid and dashed
curves are the predictions of the SU(3) CQSM for the distributions x[u(x) + u(x)] and
x[d(x) +  d(x)] respectively obtained with and without the ms corrections. One conrms
that they are nearly degenerate and that they reproduce well the results of LSS t. On the other
hand, the distributions of the strange quarks and the gluons are very sensitive to the variation
47












Figure 9: The theoretical predictions for the dierence of s- and s-quark distributions at
Q2 = 20 GeV2 in comparison with the corresponding result of Barone et al’s global analysis
including neutrino data [40]. Here, the solid and dashed curves respectively stand for the
predictions of the SU(3) CQSM with and without ms corrections.
of the axial charge a8, so that it brings about large uncertainties for these distributions in the
LSS t as illustrated by the shaded regions in Fig. 11(c) and Fig. 11(d). The feature is again
consistent with our theoretical analysis at least for the polarized strange-quark distributions.
In fact, the SU(3) CQSM predicts that x[s(x) + s(x)] is large and negative but the ms
correction reduces its magnitude by a factor of about 0:6.
A noteworthy feature of the theoretical predictions of the SU(3) CQSM is that the negative
polarization of strange sea comes almost solely from s(x), while s(x) is nearly zero. This
is illustrated in Fig. 12. The predicted sizable particle-antiparticle asymmetry of the polarized
strange sea can be veried only by the near future experiments beyond the totally inclusive
DIS scatterings such as the semi-inclusive DIS processes, the neutrino reactions, etc.
From the theoretical viewpoint, it is interesting to see the particular linear combinations
of the distributions u(x) + u(x);d(x) +  d(x) and s(x) + s(x) given by
q0(x) = u(x) + u(x) + d(x) +  d(x) + s(x) + s(x); (242)
q3(x) = u(x) + u(x)−d(x)− d(x); (243)
q8(x) = u(x) + u(x) + d(x) +  d(x)− 2 [s(x) + s(x)]: (244)
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Figure 10: The theoretical predictions for the ratio of s- and s-quark distributions at Q2 =
20 GeV2 in comparison with the results of CCFR analysis [39] and of Barone et al’s global t
[40]. The meaning of the curves are the same as in Fig. 9
We show in Fig. 13(a) the predictions of the SU(3) CQSM for these densities at Q2 = 1GeV2
in the JET scheme. One clearly sees that q0(x) is negative in the smaller x region. One can
also convince that the polarized strange quark densities given by




is certainly negative for all range of x. Of special interest here is the dierence or the ratio of
q3(x) and q8(x), since, as already pointed out, some previous phenomenological analyses
assume q3(x)=q8(x) = constant with no justication. The solid and dashed curves in
Fig. 13(b) are the predictions of the SU(3) CQSM for this ratio, respectively obtained with
and without ms corrections, while dash-dotted curves is the corresponding result of LSS t.
After including the SU(3) symmetry breaking eects, one can say that the theory reproduces
the qualitative behavior of the LSS t for this ratio.
Through the analyses so far, we have shown that the flavor SU(3) CQSM can give unique
and interesting predictions for both of the unpolarized and the longitudinally polarized strange
quark distributions in the nucleon, all of which seems to be qualitatively consistent with the
existing phenomenological information for strange quark distributions. A natural question
here is whether or not it is realistic enough as the flavor SU(2) CQSM has been proved so.
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(a) u(x) + -u(x)










(b) d(x) + -d(x)










(c) s(x) + -s(x)










Figure 11: The theoretical distribution functions (a) x(u(x)+u(x)), (b) x(d(x)+ d(x)),
(b) x(s(x)+s(x)), and (d) xg(x) atQ2 = 1 GeV2, in comparison with the corresponding LSS
ts in the JET scheme [42]. Here, the solid and dotted curves are the predictions of the SU(3)
CQSM with and without ms corrections, while the central t by LSS analyses are represented
by the dash-dotted curves. The large uncertainties for the strange-quark distribution as well
as the gluon distribution in the LSS ts are illustrated by the shaded areas.
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x s(x) and x -s(x) at Q2 = 1 GeV2
x
-s(x) all in SU(3) CQSM
x s(x)
x [ s(x) + -s(x)]
LSS fit
Figure 12: The theoretical prediction of the SU(3) CQSM for the separate contributions of
s- and s-quarks to the longitudinally polarized distribution functions x[s(x) + s(x)] in
comparison with the LSS t [42].
(We recall that the SU(2) CQSM reproduces almost all the qualitatively noticeable features
of the presently available DIS data.) Which is more realistic model of the nucleon, the SU(2)
CQSM or the SU(3) one? Naturally, at least concerning one particular aspect, i.e. the problem
of hidden strange-quark excitations in the nucleon, the SU(3) model is superior to the SU(2)
model, since the strange quark excitations in the nucleon can be treated only in the former
model. The question is then reduced to which model gives more realistic descriptions for the
u; d-flavor dominated observables, which have been the objects of studies of the SU(2) CQSM.
To answer this question, we try to reanalyze several interesting observables, which we have
investigated before in the SU(2) CQSM, here within the framework of the flavor SU(3) CQSM.
At this opportunity, the calculation in the SU(2) model were redone, because there is a little
change in the theoretical treatment of the O(Ω1) contribution to the longitudinally polarized
distribution functions as was explained in the previous section. First, in Fig. 14, we show the
theoretical predictions of the SU(3) and SU(2) CQSM for the longitudinally polarized structure
functions of the proton, the neutron and the deuteron in comparison with the corresponding
EMC and SMC data at Q2 = 5GeV2. Here, the solid and dashed curves are the predictions
51












(a) q3 (x), q8 (x), q0 (x)







LSS fit in JET scheme
SU(3) CQSM without ms
SU(3) CQSM with ms
(b) q3 (x) / q8 (x)
Figure 13: The flavor nonsinglet and single combinations of the longitudinally polarized dis-
tribution functions and their ratio at Q2 = 1 GeV2 in the JET scheme : (a) q3(x);q8(x),
and q0(x), and (b) q3(x)=q8(x). In the right panel, the solid and dashed curves are the
predictions of the SU(3) CQSM with and without ms corrections, whereas the dash-dotted
curve stands for the corresponding LSS t.
of the SU(3) and SU(2) CQSM, respectively. The black circles in Fig. 14(a) are E143 data,
whereas those in Fig. 14(b) are E154 data [45]. On the other hand, the black circles, white
circles and white squares in Fig. 14(c) and Fig. 14(d) correspond to the E143 [44], E155 [46]
and SMC data [47], respectively. Comparing the predictions of the two versions of the CQSM,
one notices two features. First, the magnitudes of gp1(x) and g
n
1 (x) are reduced a little when
going from the SU(2) model to the SU(3) one. As we will discuss shortly, this feature can be
understood as a reduction of the isovector axial charge in the SU(3) CQSM. Another feature is
that the small x behavior of the deuteron structure function (the flavor singlet one) becomes
slightly worse in the SU(3) model. (This is due to the SU(3) symmetry breaking eects.)
These dierences between the predictions of the SU(3) CQSM and the SU(2) one are very
small, however. Considering the qualitative nature of our model as an eective low energy
theory of QCD, we may be allowed to say that both models reproduces the experimental data
fairly well.
As mentioned above, the reduction of the magnitudes of gp1(x) and g
n
1 (x) in the SU(3)
CQSM can be traced back to the change of the isovector charge, which is related to the rst
moment of gp1(x)− gn1 (x). We show in Table 1 the predictions of the SU(3) and SU(2) CQSM
for the flavor nonsinglet as well as flavor singlet axial charges, the quark polarization of each
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(a) g1p (x) at Q2 = 5 GeV2













(b) g1n (x) at Q2 = 5 GeV2










(c) x g1d (x) at Q2 = 5 GeV2















(d) g1d (x) at Q2 = 5 GeV2
Figure 14: The theoretical predictions for the proton, neutron, and deuteron spin structure
functions gp1(x); g
n
1 (x), and g
d
1(x) at Q
2 = 5 GeV2 in comparison with the corresponding SLAC
and SMC data. The solid and dashed curves in these gures respectively stand for the predic-
tions of the SU(3) CQSM and those of the SU(2) CQSM. The black circles in (a) and (b) are
the E143 [44] and the E154 data [45], while the diamonds, the circles and the squares in (c)
represent the E143 [44], the E155 [46]and the SMC data [47].
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Table 1: The predictions of the SU(3) and SU(2) CQSM for the axial charges, the quark
polarization q  R 1
0
[q(x) + q(x)] dx of each flavor, and the basic coupling constant of





A ; F;D and F=D are from [48], while u;d;s and g
(0)
A corresponds to the values at
Q2 = 10 GeV2 given in [49].
SU(2) CQSM SU(3) CQSM Experiment
g
(3)
A 1.41 1.20 1.257  0.016
g
(8)
A | 0.59 0.579  0.031
g
(0)
A 0.35 0.36 0.31  0.07
u 0.88 0.82 0.82  0.03
d -0.53 -0.38 -0.44  0.03
s 0 -0.08 -0.11  0.03
F | 0.45 0.459  0.008
D | 0.76 0.798  0.008
F=D | 0.59 0.575  0.016
54
flavor dened as q =
R 1
0
[q(x) + q(x)] dx, in comparison with some phenomenological
information. One sees that, aside from the addition of the strange quark degrees of freedom,
a main change when going from the SU(3) model to the SU(2) one is a decrease of isovector
axial charge g
(3)
A , while the flavor singlet axial charge g
(0)
A is almost unchanged. Corresponding
to this reduction of g
(3)
A , the magnitudes of u and d are both reduced a little. Also shown
in this table is the fundamental coupling constants F and G in the flavor SU(3) scheme as well
as their ratio. They are all qualitatively consistent with the phenomenological information.
Interestingly, the predicted ratio F=D is very close to that of the naive SU(6) model, i.e.
3=5, even though such dynamical symmetry is not far from being justied in our theoretical
framework.
Next, we go back to the spin-independent observables. The solid and dashed curves
in Fig. 15(a) stand for the predictions of the SU(3) and SU(2) CQSM for the dierence
F p2 (x) − F n2 (x) of the proton and neutron structure function F2(x), in comparison with the
corresponding NMC data at Q2 = 4GeV2. One the other hand, the solid and dashed curves
in Fig. 15(b) are the predictions of the SU(3) and SU(2) CQSM for the ratio F n2 (x)=F
p
2 (x) in
comparison with the NMC data. One conrms that these dierence and the ratio functions
are rather insensitive to the flavor SU(3) generalization of the model and that the success of
the SU(2) CQSM is basically taken over by the SU(3) model.











(a) F2p (x) - F2n (x) at Q2 = 4 GeV












(b) F2n (x) / F2p (x) at Q2 = 4 GeV
Figure 15: The theoretical predictions of the two versions of the CQSM for F p2 (x)−F n2 (x) and
F n2 (x)=F
p
2 (x) at Q
2 = 4 GeV2 are compared with the NMC data given at the corresponding
energy scale [3].
In Fig. 16, the theoretical predictions of both models for the sea-quark distribution d(x)−
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Figure 16: The theoretical predictions of the SU(3) and SU(2) CQSM for the unpolarized
antiquark distribution d(x)− u(x) at Q2 = 54 GeV2 in comparison with the HERMES [51] and
E866 data [50].
u(x) is compared with the corresponding E866 data at Q2 = 54GeV2 [50] and with HERMES
data at Q2 = 4GeV2 [51], for reference. The isospin asymmetry of the sea-quark distributions
or the magnitude of d(x)− u(x) turns out to become a little smaller in the SU(3) model than
in the SU(2) model, although the change is fairly small.
Next, in Fig. 17, the theoretical predictions for the ratio d(x)=u(x) at Q2 = 30 GeV2 are
compared with the corresponding E866 data as well as the old NA51 data. This ratio turns
out to be a little sensitive to the flavor SU(3) generalization of the model. It is found that
the SU(3) version of the CQSM well reproduces the qualitative tendency of the E866 data
for this ratio, although the magnitude itself is a little overestimated. To reveal the reason of
this overestimation, it may be interesting to compare the magnitudes of quark and antiquark
distributions themselves. Shown in Fig. 19 are the predictions of the SU(3) CQSM for the
unpolarized quark and antiquark distribution functions with each flavor at Q2 = 20 GeV2. Of
special interest here are the magnitudes of u(x); d(x) and s(x). The model predicts that
d(x) > s(x) > u(x); (246)
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-d(x) / -u(x) at Q2 = 30 GeV2




Figure 17: The theoretical predictions of the SU(3) and SU(2) CQSM for the ratio d(x)=u(x)
in the proton as a function of x in comparison with the result of E866 analysis [50]. Also
shown is the result from NA51 [52], plotted as an open box.
while the standard MRST [54] or CTEQ t [55] says that
d(x) > u(x) > s(x): (247)
Undoubtedly, the magnitudes of u-distribution as compared with the other two flavors seems
to be underestimated a little too much by some reason.
As repeatedly emphasized, a quite unique feature of the SU(2) CQSM is that it predicts
sizably large isospin asymmetry not only for the unpolarized sea-quark distributions but also
for the longitudinally polarized ones. A natural question is what the predictions of the flavor
SU(3) CQSM is like. We have already shown that the predictions of these two models are not
largely dierent for the isospin asymmetry of the unpolarized seas, for instance, for d(x) −
u(x). To conrm it again but here in comparison with the case of polarized distributions,
we show in Fig. 18 the theoretical predictions for d(x) − u(x) evaluated at Q2 = 0:88GeV2
in comparison with Bhalerao’s semi-theoretical prediction for reference [53]. The solid and
dashed-dotted curves in Fig. 18(a) are the predictions of the SU(3) CQSM obtained with and
without the ms corrections, while the dotted curve is the prediction of the SU(2) CQSM.
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SU(3) CQSM ( ms = 0)
SU(3) CQSM
(a) -d(x) - -u(x) at Q2 = 0.88 GeV2














SU(3) CQSM ( ms = 0)
SU(3) CQSM
(b) -u(x) - -d(x) at Q2 = 0.88 GeV2
Figure 18: The isospin asymmetries of the light-flavor sea-quark distribution functions evalu-
ated at Q2 = 0:88 GeV2 in the standard MS factorization scheme with gauge invariant regu-
larization. The left gure shows the unpolarized distribution x[ d(x) − u(x)], while the right
gure represents the longitudinally polarized one x[u(x)− d(x)]. In both gures, the solid
and dash-dotted curves are the predictions of the SU(3) CQSM with and without ms cor-
rections, whereas the dotted curves are those of the SU(2) CQSM. Bhalerao’s semi-theoretical
predictions are also shown for comparison [53].
We recall that Bhalerao’s prediction shown by the dotted curve is obtained based on what-
he-call the statistical quark model, which is based on some statistical assumptions on the
parton distributions while introducing several experimental information. As one can see, all
the four curves are more or less degenerate and they are all qualitatively consistent with the
magnitude of isospin asymmetry of d-sea and u-sea observed by the NMC measurement. On
the other hand, Fig. 18(b) shows the similar analysis for the longitudinally polarized sea-quark
distributions u(x)− d(x). The meaning of the curves are all similar as in Fig. 18(a). One
nds that the magnitude of u(x)− d(x) is fairly sensitive to the flavor SU(3) generalization
of the CQSM, or more precisely, to the dierence between the dynamical assumptions of the
two models. (This provides us with one of the few exceptions to our earlier statement that
u; d-flavor dominated observables are generally insensitive to it.) The sign of u(x) − d(x)
remains denitely positive but its magnitude is reduced by nearly a factor of 2 when going
from the SU(2) model to the SU(3) model the chiral limit (ms = 0). As was conjectured in
[16], the inclusion of the SU(3) symmetry breaking corrections partially cancels this reduction
and works to pull back the prediction of the SU(3) model toward that of the SU(2) model.
Still, the nal prediction of the SU(3) CQSM is fairly small as compared with that of the SU(2)
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(a) x u(x), x d(x), x s(x) at Q2 = 20 GeV2

















(b) x -u(x), x -d(x), x -s(x) at Q2 = 20 GeV2
Figure 19: The theoretical predictions of the SU(3) CQSM for the unpolarized quark and
antiquark distribution functions with each flavor at the energy scale of Q2 = 20 GeV2.
one although it is not extremely far from the prediction of Bhalerao’s statistical model [53].
One may be also interested in the signs and the relative order of the absolute magnitudes
of u(x); d(x) and s(x) themselves. We show in Fig. 20 the theoretical predictions of
the SU(3) CQSM for the longitudinally polarized quark and antiquark distributions with each
flavor at the energy scale of Q2 = 0:88 GeV2. In addition to that the model reproduces the
well-established fact u(x) > 0 and d(x) < 0, it also predicts that u(x) > 0; d(x) < 0
and s(x) < 0 with
j d(x)j > ju(x)j > js(x)j: (248)
We point out that these predictions of the SU(3) CQSM are qualitatively consistent with those
of Bhalerao’s statistical quark model except for the fact that he assumes s(x) = s(x), while
the SU(3) CQSM indicates that
js(x)j  js(x)j: (249)
Summarizing the predictions of the two versions of the CQSM for the light-flavor sea-quark
asymmetry, both turn out to give equally good explanation for the shape and magnitude of
spin-independent distribution d(x) − u(x). The situation is a little dierent for the longitu-
dinally polarized sea-quark distributions. Although the sign of u(x) −  d(x) is denitely
positive in both models, the SU(2) CQSM predicts that
ju(x)− d(x)j < ju(x)− d(x)j; (250)
59













(a) x u(x), x d(x) and x s(x)
Q2 = 0.88 GeV2

















(b) x -u(x), x -d(x) and x -s(x)
Q2 = 0.88 GeV2
Figure 20: The theoretical predictions of the SU(3) CQSM for the longitudinally polarized
quark and antiquark distribution functions with each flavor at the scale of Q2 = 0:88 GeV2.
while the SU(3) model gives
ju(x)− d(x)j ’ ju(x)− d(x)j; (251)
or ju(x)− d(x)j is slightly small than ju(x)− d(x)j. Still, the sizably large isospin asymmetry
of the spin-dependent sea-quark distributions is a common feature of the two versions of the
CQSM. We think that this fact is worthy of special mention. The reason becomes clear if one
compares the predictions of the CQSM with those of the naive meson cloud convolution model.
As is widely known, the NMC observation d(x) − u(x) > 0 in the proton can be explained
equally well by the CQSM and by the meson cloud model [56]. A simple intuitive argument,
however, indicates that the latter model would generally predict both of u(x) and  d(x)
is small. This is because the lightest meson, i.e. the pion has no spin and that the eect of
heavier meson is expected to be less important. Actually, the situation seems a little more
complicated. In a recent paper, Kumano and Miyama estimated the contribution of -meson
to the asymmetry u(x) −  d(x) and found that it is slightly negative [57]. On the other
hand, Fries et al. argued that a large positive u(x) −  d(x), as obtained in the CQSM,
can be obtained from N -N interference-type contributions in the meson cloud picture [58].
Undoubtedly, for drawing a denite conclusion within the framework of the meson cloud model,
more exhaustive studies of possibly important Feynman diagrams are necessary. This should be
contrasted with the prediction of the CQSM. Since there is little arbitrariness in its theoretical
framework, its prediction once given is one and only in nature and cannot be easily modied.
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Both of the CQSM and the meson cloud convolution model give equally nice explanation for
the novel isospin asymmetry for the unpolarized sea-quark distributions, so that one might
have naively thought that they are two similar models containing basically the same physics.
In fact, a commonly important ingredients of the two models are the Nambu-Goldstone pions
resulting from the spontaneous chiral symmetry breaking of QCD vacuum. However, a lesson
learned from the above consideration of the isospin asymmetry for the spin-dependent sea-
quark distributions is that it is not necessarily true. An interesting question is what makes
a marked dierence between these two models. In our opinion, it is a strong correlation
between spin and isospin quantum numbers embedded in the basic dynamical assumption of
the CQSM, i.e. the hedgehog ansatz. We recall that we have long known one example in
which the dierence of these two models makes more profound eect [59],[5],[14]. It is just the
problem of quark spin fraction of the nucleon. Is there any simple and convincing explanation
of this nucleon spin puzzle within the framework of the meson cloud model? The answer is
no, to our knowledge. On the other hand, assuming that the dynamical assumption of the
CQSM is justied in nature, it gives quite a natural answer to the question why the quark
spin fraction of the nucleon is so small. In fact, according to this model, a nucleon is a bound
state of quarks and antiquarks moving in the rotating mean-eld of hedgehog shape. Because
of the collective rotational motion, it happens that a sizable amount ( 65%) of the total
nucleon spin is carried by the orbital angular momentum of quark and antiquark elds. We
conjecture that the cause of the simultaneous large violation of the isospin asymmetry for both
the spin-independent and spin-dependent sea-quark distributions can also be traced back to the
strong spin-isospin correlation generated by the formation of the hedgehog mean eld.
4 Summary and Conclusion
In summary, we have developed a theory of light-flavor quark and antiquark distributions in
the nucleon by generalizing the CQSM to the case of flavor SU(3). The basic lagrangian is a
straightforward generalization of the corresponding SU(2) model except for the presence of siz-
ably large SU(3) symmetry breaking term, which comes from the appreciable mass dierence
ms between the s-quark and the u; d-quarks. As explained in the text, this SU(3) symmetry
breaking eect is treated by using a perturbation theory in the mass parameter ms. We
have shown that the SU(3) CQSM can give several unique predictions for the strange and an-
tistrange quark distributions in the nucleon while maintaining the success previously obtained
in the flavor SU(2) version of the CQSM for u; d-flavor dominated observables. For instance,
it predicts a sizable amount of particle-antiparticle asymmetry for the strange-quark distri-
butions. Its predictions for the distributions s(x) − s(x) and s(x)=s(x) at Q2 = 20 GeV2 are
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shown to be consistent with the corresponding phenomenological information given by Barone
et al. and by CCFR group at least qualitatively. As expected, the magnitudes of s(x) and
s(x) turn out to be very sensitive to the SU(3) symmetry breaking eects. We showed that the
theoretical predictions for xs(x) and xs(x) at Q2 = 4 GeV2 and Q2 = 20 GeV2 are qualitatively
consistent with the CCFR data after taking account of the SU(3) symmetry breaking eects.
The particle-antiparticle asymmetry of the strange quark distributions are even more profound
for the spin-dependent distributions than for the unpolarized distributions. Our theoretical
analysis strongly indicates that the negative (spin) polarization of the strange quarks, i.e. the
fact that s(x) + s(x) < 0, as suggested by the LSS t as well as many other phenomeno-
logical analyses, comes almost solely from the s-quark and the polarization of s-quark is very
small. The model gives interesting predictions also for the isospin asymmetry of the u- and
d-quark distributions. We had already known that the flavor SU(2) CQSM gives a natural
explanation of the NMC observation, i.e. the excess of d-sea over the u-sea in the proton. In
the present investigation, we have conrmed that this favorable aspect of the SU(2) CQSM is
just taken over by the SU(3) CQSM and that they in fact give nearly the same predictions for
the magnitude of the asymmetry d(x)− u(x). On the other hand, we nd that the predictions
of the two models for the isospin asymmetry of the longitudinally polarized sea-quark distribu-
tions are a little dierent. Both models predicts that u(x)− d(x) > 0, but the magnitude
of asymmetry is reduced by a factor of about 0.6 when going from the SU(2) model to the
SU(3) one. Still, a sizably large isospin asymmetry of the spin-dependent sea-quark distribu-
tions is a common prediction of both versions of the CQSM, and it should be compared with
the unsettled situation in the meson-cloud convolution models. In our opinion, the physical
origin of the simultaneous violation of the isospin symmetry for the spin-independent and spin-
dependent sea-quark distributions may be traced back to the strong correlation between spin
and isospin embedded in the hedgehog symmetry of soliton solution expected to be realized
in the large Nc limit of QCD. What should be emphasized here is another consequence of the
hedgehog symmetry embedded in the CQSM. It has long been recognized that, according to
this model, only about 35 % of the total nucleon spin is due to the intrinsic quark spin and the
remaining 65 % is borne by the orbital angular momentum of quark and antiquark elds. We
emphasize that this is a natural consequence of the nucleon picture of this model, i.e. \rotating
hedgehog". Unfortunately, unresolved role of gluon elds, especially the role of UA(1) anomaly
makes it dicult to draw a denite conclusion on this interesting but mysterious problem. In
this respect, more thorough study of simpler problem, i.e. the possible isospin asymmetry of
longitudinally polarized sea-quark distributions may be of some help to test the validity of the
basic idea of the soliton picture of the nucleon. At any rate, an important lesson learned from
our whole analyses is that the spin and flavor dependencies of antiquark distributions in the
nucleon are very sensitive to the nonperturbative dynamics of QCD. To reveal this interesting
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aspect of baryon structures, it is absolutely necessary to carry out flavor and valence plus sea
quark decompositions of the parton distribution functions. We hope that this expectation will
soon be fullled by various types of semi-inclusive DIS scatterings as well as neutrino-induced
reactions planned in the near future.
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Appendix
A Proof of equalities (87) and (88)
Here, let us prove two identities (87) and (88), which we have used in sect.2, Using the standard
SU(3) algebra
fc; ig = 4
3
ci + 2dciee; (252)
we proceed as X
M(n)

























hnj3jmihmj(γ5 + 3)njni (253)
which proves the rst identity. To prove the second identity, we rst notice thatX
M(n)














hnj3(γ5 + 3)njni; (254)
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hnj3(γ5 + 3)njni: (255)
Combining the above two equations, we therefore obtainX
M(n)




hnj4jmihmj4(γ5 + 3)njni; (256)
which proves the second identity.
B Proof of equalities (172) and (173)
Here, we will prove the identities (172) and (173) used in sect.2. Utilizing the generalized
hedgehog symmetry together with the standard SU(3) algebra, we can proceed as follows :X
M(n)










































hnj 3 On jni; (257)
where the index i runs from 1 to 3. This proves the rst identity (172). Similarly, for the
second case in which K runs from 4 to 7, we can show thatX
M(n)






































hnj On jni+ 2 bK d3KK
X
M(n)
hnj 3 On jni; (258)
which proves the second identity (173).
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